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Durability of concrete elements

REACT: Reducing Early-Age Cracking Today

Concrete is generally viewed as a durable and long-lasting construction material. However, the long-term performance of a concrete struc-

ture can be greatly compromised by early-age cracking. One recent informal estimate from the industry places this as a $500 million pro-
blen in the U.S. alone, with some ready-mix companies-experiencing early-age issues on as many as 70 % of their jobs. As is often the

case, as a problem intensifies, mitigation strategies are developed and promoted from the research laboratory to the field. This paper will
briefly review the most common non-structural causes of early-age cracking and present an introduction to various mitigation strategies.
These strategies are being further investigated as part of a newly formed university/industry/government collaboration under the acronym

of REACT: Reducing Early-Age Cracking Today.
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Viewpoints on concrete cracking vary as-

widely as potential applications for this cen-
tury-old construction material. At one end
of the spectrum lies the commonly heard
statement “all concrete cracks.” At the other
end, there are numerous real world exam-
ples of crack-free (at least to the naked eye)
concrete construction. As is usually the
case, the truth likely lies between these two
extremes, perhaps with a statement like “all
concrete can be made to crack when pro-
per design and construction practices are
not followed.” However, when proper
materials selection and placement proce-
dures are followed, crackfree concrete can
be a redlity. Early-age cracking is a parti-
cular concern for the industry, both for aes-
thetic reasons and for its potentially detri-
mental impact on the service life perfor-

~ mance of concrete facilities.

While the causes of early-age cracking can
be numerous [e.g., improper design, struc-
tural issues such as early-age loading be-
yond capacity), the remainder of this paper
will focus on'three of the principal non-struc-

tural causes: plastic shrinkage, thermal -

deformations, and autogenous shrinkage.
Of course, these three may act separately,
in sequence, or concurrenily at a job site.
Plastic shrinkage cracking occurs as a com-
bination of differential settlement and
excessive evaporation of water from a fresh
concrete surface. In the U.S., a nomograph
has been used for over fifty years that re-
lates the air femperature, relative humidity,
wind speed, and concrete temperature to
the evaporation rate from a water surface.
Recently, an internet accessible system that
computes this expected rate of evaporation
has been developed [1]. When this rate

* exceeds the bleeding rate, the susceptibility

for plastic shrinkage: cracking may be
greatly increased. Specifically, when the
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evaporation rate exceeds 1.0 kg/{m?x h)
[0.2 Ib/(f x h)], it has historically been
recommended that precautions (curing pro-
cedures) be taken to reduce the potential

_for cracking. However, the increasing fine-

ness of cement and other binders and the
use of lower water to cement ratio (w/c)
systems may require even more stringent
evaluation criteria.

Thermal cracking is largely due to the con-
siderable heat generated by the cement
hydration reactions. Especially in mass con-
crete construction, this heat generation will
produce a significant temperature rise {and
subsequent fall) within the concrete ele-
ment. Heat generation will depend on the
binder characteristics of the concrete
{cement content, cement chemisiry and fine-
ness, mineral admixture additions), while its
dissipation will depend on the thermal con-
ductivity and heat capacity of the concrete,
along with the geometry and boundary
conditions of the constructed element. The
coefficient of thermal expansion of the con-
crete is equally important, especially since
it may vary significantly at early ages, lead-
ing to a permanent finite expansion/con-
traction during heating/cooling (from and
back to ambient temperature).

Autogenous shrinkage is caused principqir‘;?r
by chemical shrinkage, which is the reducs
tion in volume due to the hydration reac-
tion, and the self-desiccation or internal dry-
ing that accompanies it under partially satu-
rated or sealed curing (hydration) condi-
tions. The magnitudes of the siresses that
produce autogenous shrinkage are directly
proportional to the surface tension of the
pore solution {consisfing of water, ions, and
admixtures in the concrete) and inversely
proportional to the radius of the partially-
filled pores. As will be illustrated later in this
paper, both of these parameters can be
engineered fo one’s advantage in reducing
and even eliminating autogenous shrink-
age. While autogenous shrinkage is pre-
sent in all concrefes, it can be particularly

prominent in high-performance concretes,
due to the small interparticle spacing
(pores) produced by a combinatfion of a
low w/c and the addition of very fine poz-
zolans such as silica fume.

It should be emphasized that hydration
rates critically influence both thermal and
autogenous deformation characteristics.
Faster hydration rates, as produced by finer
cements, for example, increase the heat
generation rate and accelerate the self-
desiccation process, as smaller and smaller
pores sequentially empty within the hydra-
ting microstructure.

Measurement Techniques

Thermal Properties

While the fundamental thermal properties
of a concrete, such as thermal conducﬂvity,
heat capacity, heat of hydration, and coef
ficient of thermal expansion, can be readily
assessed in the research laboratory, a sim-
ple measurement with perhaps more appli-
cability to real field exposures is semi-adia-
batic calorimetry. For this measurement, the
temperature of a well-insulated specimen of
fresh cement paste, mortar, or concrete is
monitored during its first few days of curing.
As shown in Fig. 1, the magnitude of the
measured temperature rise (T} and the
rate at which the temperature decays after
reaching a peak (dT/dt) are indicative of
the relative potential of the field concrete
to: 1) achieve high internal temperatures
that may lead to instability of hydration pro-
ducts such as eftringite and 2} develop
large temperature gradients. Both of these
conditions may contribute to early-age
cracking. No elaborate experimental setup
is required to develop a practical semi-adia-
batic calorimeter, as test setups can range
from a simple “coffee cup” calorimeter for
pastes and mortars to insulated coolers for
mortars and concretes. If one has a thermo-
couple and a well insulated container
(Fig. 2), a semi-adiabatic response can be
measured to compare the performance of
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various mixture proportions. Of course, numerous semi-adiabatic
calorimeters are commercially available to facilitate comparisons
between tesling groups, if one prefers not to construct their own unit.

Autogenous Stresses and Strains

Chemical shrinkage can be assessed using the American Society for
Testing and Materials [ASTM) C1608 standard test method [2], or
other similar standardized techniques [3], and provides both a
quantitative indication of hydration rates and a measure of the “cur-
ing water demand” of a concrete mixture (e.g., how much curing
water must be supplied to maintain. saturated conditions within the
hydrating cement paste). Autogenous deformation of pastes and
mortars can be evaluated from the time of set using commercially
available sealed corrugated tubes (Fig. 3) [4]. For concretes, an
equivalent system based on larger diameter corrugated tubes has
been developed by Prof. Jensen at the Technical University of

Temperature (°C)

Time (h)

Fig. 1: Typical semi-adiabatic temperature rise curve for a portland
cement paste specimen.
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Fig. 2: Custom-built semi-adiabatic calori-
mefer, with a typical size (48 mm diameter
by 96 mm length cylinder) paste or mortar
spe€imen (inset), embedded in microporous
instfation. Top insulating panel is not
shown. .

Denmark, while Craeye and DeSchutter [5]
have successfully employed a vertical dila-
tometer that could be practically implemen-
ted using standard concrete cylinder (pla-
stic) moulds. Temperature control becomes
an issue when evaluating the larger con-
crete specimens, as early-age autogenous
shrinksssuge can be easily confounded
with thermal expansion/contraction when
isothermal conditions are not maintained.

Autogenous deformation of a sealed paste
or mortar specimen is often characterized
by an initial expansion followed by shrink-
age, as shown in Figure 4. Cusson [6] has
suggested that one metric of the propensity
for early-age cracking due to autogenous
shrinkage can be obtained from the net
autogenous shrinkage at 7 d, determined
as the difference between the maximum ex-
pansion, €. (€. = O if no expansion is
measured), and the subsequent minimum
deformation (shrinkage), €., achieved
during the first 7 d of testing, as indicated in
Figure 4.

Stresses, strains, and cracking potential can
be evaluated simultaneously using a re-
strained ring shrinkage test with sealed or
exposed curing conditions [7]. The re-
strained ring is shown in Figure 5 while typi-
cal results are shown in Figure 6 for sealed
and unsealed mortars. The ring' test is
based on the principle that the steel
restrains or resists the shrinkage. As the con-

Fig. 3: Typical equipment for measuring autogenous deformation of paste and mortar

specimens [4].

crete attempts to shrink, it compresses the

steel ring and the ring pushes back, thereby
placing the concrete in tension. By monitor-
ing the strain that develops in the steel ring,
an indication of the level of stress caused
by restraint can be obtained [8]. The sud-
den decrease in sirain, as shown in Figure
6, is associated with the development of a

visible through crack. Results from the ring
specimen can be related to the behavior of
slab specimens [9]. The efficiency of mitiga-
tion strategies such as shrinkage reducing
admixtures (SRAs) [7] and internal curing
with saturated lightweight aggregates
(LWA) [19] can be conveniently evaluated
using ring testing (Figure 6).
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Fig. 4: Typical autogenous deformation curve for a mortar specimen. #
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Fig. 5: Typical equipment for measuring restrained shrinkage and cracking potential for
mortar and concrefe specimens (as per ASTM C 1581).

Innovative Concrete Technologies

Shrinkage-Reducing Admixtures

Shrinkage-Reducing Admixtures (SRAs) are
generally organic chemical compounds
that have been conventionally employed to
reduce drying shrinkage. SRAs significanily
reduce the surface tension of the pore solu-
tion [11, 12], generally increase its viscosity
[13], and modify the drying profile to de-
crease drying rates of cement-based mate-
rials 11, 12]. The reduction in surface tensi-
on should lower capillary stresses and re-
duce sorpfion rates [14, 15], while an

increase in viscosity will decrease transport
rates, whether by diffusion, sorption, or
flow under pressure [16].

Internal Curing

Internal Curing (IC) provides extra water to
maintain the cement paste under saturated
conditions by distributing reservoirs of
curing water throughout the threedimen-
Reservoirs may
be’ provided by pre-wetted lightweight
aggregates [10, 17], superabsorbent poly-
mers [17, 18], saturated wood fibers, or
pre-wetted crushed returned concrete
aggregates [19]. These reservoirs will sacri-

sional concrete structure.

—£— Plain [Unsealed) -
~F3- 5% SRA {Unsealed) L

—&— 25.3% LWA [Unseidled) L
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Fig. é: Resh‘amed rmg sl‘rom measuremenl‘s for mortar specimens (w/c = 0.30) with different
tootenien 1101 Chaen vartical linac indicate crack formation.
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ficially empty during the cement hydration,
as the water they contain will be imbibed
by the surrounding hydrating cement paste,
as long as the pores in the cement paste
are substantially smaller than those in the
reservoirs. Since these reservoirs typically
contain much larger radius pores, much
lower capillary stresses will be created and
autogenous shrinkage can be effectively
eliminated [10, 17]. Practical guidelines for
mixture proportioning with IC have been
presented previously [20].

Mixture Proportioning

SRAs and IC mainly address the plastic and
autogenous shrinkage components of
early-age cracking. Additionally, modifica-
tions fo the mixture proportions can reduce
both the thermal and autogenous contribu-
tions to early-age cracking. These include a
decrease in cement content, utilization of a
coarser cement, an increase in w/c ratio,
and replacement of a portion of the cement

" by a coarse limestone powder [21]. The

latter three of these effectively increase the
interparticle spacing within the paste (bin-
der) fraction of the concrete. High volume
fly ash mixtures that slowly hydrate and
develop strength can also substantially
reduce semi-adiabatic temperature rise and
early-age autogenous shrinkage [22, 23].

REACT - Reducing Early-Age Cracking
Today

Plastic Shrinkage

Proper curing can effectively eliminate pla-
stic shrinkage and its associated cracking.
Exira insurance is sometimes provided by
the incorporation of polymeric fibers info
the concrete mixture. Mare recently, field
and laboratory evidence suggest that both
SRAs and IC, in addition to substantially
reducing autogenous shrinkage, can also
effectively reduce plastic shrinkage, the for-
mer by reducing both evaporation rates
and the stresses that develop during drying
[12], and the latter by providing an exira
source of sacrificial water so that once
again the cement paste portion of the com-
crete can remain saturated and crackfree
(longer) during initial curing.

Autogenous Shrinkage

Clear reductions in autogenous shrinkage
can be provided by either SRAs or IC [10,
11, 17-19], as shown in Figure 7, for exam
ple. Because commonly employed SRAS
can reduce the surface tension of the pore
solution by a factor of two at most, they can 3
reduce but not eliminate net autogenots
shrinkage. At sufficient addition levels: 3
however, internal curing reservoirs €o"
effectively eliminate net autogenous shrink




age, and, as exemplified by the results in Figure 7, may even pro-
duce an autogenous expansion at ages of 7 d and beyond [17].

Thermal Gradients

A variety of proven technologies are available for reducing maxi-
mum temperature rise and femperature gradients in mass concrete
construction, including the use of ice as part of the mixing water,
chilled aggregates, cooling pipes, night time pours, fly ash addi-
tions, and the incorporation.of phase change materials into the con-
crete mixture [24]. These' approaches generally reduce the hydra-
tion rates or increase the thermal capacity of the concrete such that
the heat generated by the hydration reactions results in a smaller
temperature rise within the concrete element.
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Fig. 7: Autogenous deformation measurements for mortar specimens
{w/c = 0.30) with different curing conditions and different mitigation
strategies [10].

Thermal and Autogenous

In addition to the mitigation strategies discussed above, modifica-
tions to the mixture proportions have the potenfial to reduce both
thermal and autogenous contributions to early-age cracking. As
one example of this, Table 1 presents the measured strength reduc-
fions at 28 d, maximum temperature rise, and net autogenous shrin-
kage at 7 d for cement pastes and mortars with various modifica-
tions to an initial w/c=0.35 mixture design [21]. Modifications
included the replacement of the initial cement (Blaine fineness of
380 m?/kg) with a coarser one (Blaine fineness of 311 m?/kg), an
increase in w/c to 0.40, and the substitution of either a fine {modal
diameter of 28 [im) or a coarse (modal diameter of 107 1m) h{?‘
stone powder for the cemert at a 10.2 % mass fraction. Amoifg
these modifications, the -greatest reductions in maximum tempera-
ture and decreases in autogenous shrinkage are provided by the uti-
lization of the coarser cement, but with a significant reduction
(= 25 %) in sirength development. With a lesser decrease in com-
pressive strength of about 7 %, the 10 % coarse limestone addition
still provides a substantial reduction in both maximum temperature
and autogenous shrinkage. As noted previously [25], high early
age strengths and avoidance of early-age cracking are often con-
flicting goals that must be carefully balanced to achieve acceptable
performance.

Prospectus
This paper has illustrated several mitigation strategies for decreas-
ing the confributions of plastic, thermal, and autogenous shrinkage

to non-structural early-age cracking. These strategies are currently
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Table 1: Relative mortar cube compressive strength at 28 d, maximum temperature achieved in semi-adiabatic festing of pastes,
and (€., — €naxl at 7 d for mortars [21].
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being employe.d in.‘;;r'ddice at an increas- - sented in this paper are being extended in NIST, and inlereslecg%dus!rid members.
ing number of job sites. In 2008, the mea-  the newly formed collaborative research  Interested parties may contact the authors
surements and mitigation strategies pre-  effort, REACT, between Purdue University,  for more details. [1] |
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